Introduction
International guidelines agree that esophageal manometry is an integral part of the diagnostic evaluation of patients with refractory reflux symptoms and should be performed preoperatively in patients referred for antireflux surgery [1] [2] [3] [4] . The most important rationale is to exclude differential diagnoses, in particular major esophageal motility disturbances such as achalasia, distal esophageal spasm, and hypercontractile esophagus that may be responsible for the symptoms [5] . The Chicago Classification has been established internationally for the classification of these esophageal motor disorders using high-resolution manometry (HRM) and for the identification of normal swallowing ( fig. 1 ) [6] .
Moreover, esophageal manometry has been suggested for the assessment of the competence of the esophagogastric junction (EGJ) as well as for the investigation of the clearance function of esophageal motility. However, efforts to identify patients with gastroesophageal reflux disease (GERD) based on findings obtained with conventional manometric techniques have been disappointing. It has been shown that pathological esophageal acid exposure is associated with reduced intra-abdominal length and pressure of the lower esophageal sphincter (LES) and ineffective peristalsis [7, 8] . However, there was a large overlap between GERD patients and healthy controls so that these findings have gained limited clinical relevance.
HRM with closely spaced sensors from the pharynx to the stomach (usually at 1-cm intervals) greatly increases the spatial resolution compared to conventional manometry (using only 3-8 pressure ports) and may thereby overcome the limitations of the older technique. Furthermore, presentation of HRM data by pressure topography ('Clouse plots') reveals the functional anatomy of the EGJ in a visually intuitive manner [9] .
Identifying metrics that provide an accurate assessment of the reflux barrier is an important factor in clinical manometric studies.
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Summary
International guidelines agree that high-resolution e sophageal manometry (HRM) is an integral part of the diagnostic evaluation of patients with refractory reflux symptoms and should be performed before antireflux surgery. Its most important goal is to explore differential diagnoses, in particular major esophageal motility disturbances, that may be responsible for symptoms. HRM additionally provides insights into all relevant pathomechanisms of gastroesophageal reflux disease (GERD): It can reveal important information on the morphology and function of the esophagogastric junction (EGJ), the presence of a hiatus hernia, transient lower esophageal sphincter relaxations, and dysmotility of the esophageal body. To obtain this information, a 3-step hierarchical system has been proposed for the algorithmic characterization of esophageal motor function. The first step is to investigate the morphology and contractility of the EGJ, the second to monitor esophageal body motor patterns in response to water swallows, and the third to determine the contraction reserve in patients with abnormal esophageal motor function using provocation tests. Observations made with HRM can not only explain the cause of symptoms in GERD patients but may also have the potential to direct specific treatment.
HRM measurements of esophageal motility and EGJ relaxation have been standardized by the Chicago Classification [6, 10, 11] , and a recent consensus paper of the International GERD Consensus Working Group specifically suggested a new classification for esophageal motor findings in GERD [12] .
Based on these international recommendations, the current review will discuss the clinical relevance of HRM findings for the diagnosis and treatment of GERD. It is subdivided according to pathophysiological mechanisms that are thought to contribute to reflux disease and that are important to assess manometrically. These include altered morphology and decreased contractility of the EGJ, transient lower esophageal sphincter relaxations (TLESR), and esophageal body dysmotility. Additionally, the relevance of HRM for patients undergoing antireflux surgery will be discussed.
EGJ Morphology and Hiatus Hernia
EGJ morphology is defined by the interrelationship between the intrinsic LES and the crural diaphragm (CD) [12] . It has been characterized into 3 subtypes based on HRM [6] (fig. 2) , where type 1 is equivalent to the physiological setting with superimposed LES and CD; in type 2, the pressure signal of the LES is separated from the pressure signal of the CD but both are less than 2-3 cm apart; in type 3, the LES-CD separation exceeds 2-3 cm. While older studies use a 2-cm cut-off [6] , the recent consensus paper by Gyawali et al. [12] defines a 3-cm cut-off to distinguish between types 2 and 3.
Type 2 and type 3 EGJ morphology is associated with reduced LES contractility which correlates with reflux severity [12, 13] , and recent evidence suggests that not only EGJ type 3 but also type 2 represents a hiatus hernia [12] . Experts agree that evidence of a hiatus hernia on HRM should be reported, particularly in GERD patients. However, it is important to note that hiatus hernia size and reflux burden do not correlate in a linear fashion.
Using prolonged measurements, Bredenoord et al. [14] demonstrated an intermittent separation of the LES and the CD in GERD patients, which is associated with increased acidic and weakly acidic reflux. Moreover, they found that intermittent reduction of a small hiatal hernia (sliding hernia) is the rule rather than the exception. These findings suggest that EGJ pressure morphology dynamically varies with time and that spontaneous conversion among sphincter configurations occurs frequently [15] . 
EGJ Contractility
Competence of the anti-reflux barrier is determined by both EGJ morphology and contractility. Thus, in addition to the classification of EGJ morphology as described above, the Chicago Classification v3.0 presents the LES pressure integral (LES-PI) and the EGJ contractile integral (EGJ-CI) as new HRM measures of EGJ contractility [6, 16, 17] . As shown in figure 3 , the LES-PI integrates EGJ pressure data from a 10-s window and is referenced to atmospheric pressure [16] (fig. 3A) , and the EGJ-CI assesses EGJ contractility during 3 consecutive respiratory cycles and is referenced to intragastric pressure [17] (fig. 3B ). Both parameters can be measured using the distal contractile integral (DCI) tool which is available in current HRM software packages. While the Chicago Classification v3.0 does not favor one over the other [6] , more recent data has shown that the EGJ-CI is superior and allows better differentiation of patients with and without pathological reflux compared to LES-PI [12, 13] . A newly developed modified parameter, the so-called total-EGJ-CI, summarizes EGJ contractility over several minutes [13] (fig. 4 ). It predicts GERD even better than the EGJ-CI which is calculated during an approximately 30-s interval [13] . Importantly, pathological reflux was rare if the total-EGJ-CI was well within the normal range. These findings suggest that the value of HRM in GERD patients is not limited to ruling out major motility disorders. In addition to this important task, HRM could also more or less rule out pathological reflux as the cause of symptoms if EGJ contractility is normal [13] . Accordingly, the recent international consensus report clearly recommends the EGJ-CI but states that it is still an exploratory tool which needs further research [12] .
Therefore, older parameters such as inspiratory, expiratory, or mean basal LES/EGJ tone may also be reported for clinical purposes. In any case, it is important to use a validated approach and to choose appropriate normal values because these differ depending on both the system and catheter used as well as the exact methodology chosen for evaluation of the EGJ. Using the Sierra/ Fig. 3 . Assessment of esophagogastric junction (EGJ) contractility by A lower esophageal sphincter (LES) pressure integral (PI) and B EGJ contractile integral (CI). The LES-PI is determined by enclosing the domain of the LES area during a 10-s period with the distal contractile integral (DCI) tool, setting the threshold isobaric contour (IBC) at 20 mm Hg (referenced vs. atmospheric pressure). For assessment of the EGJ-CI, upper and lower margins of the EGJ are also enclosed in a DCI tool box for exactly 3 consecutive respiratory cycles. The threshold isobaric pressure is set at 2 mm Hg (above gastric pressure). The resulting DCI value is then divided by the duration of the 3 respiratory cycles (in seconds). Normal values for several systems and different parameters are reported by the Chicago Classification (appendix) [6] and in the recent international consensus report [12] .
Transient Lower Esophageal Sphincter Relaxations
TLESRs represent an important pathomechanism for GERD. TLESRs are characterized by abrupt and prolonged decreases in LES pressure to the level of intragastric pressure in the absence of swallowing [18] . They may occur spontaneously on a background of relatively stable LES pressure ( fig. 5A ) or immediately after the completion of a normal swallow-induced LES relaxation. TLESRs are triggered by gastric distention and physiologically facilitate venting of swallowed air after meals (i.e., belching). Longitudinal smooth muscle contractions and esophageal shortening may be a key part of the mechanism that mediates TLESRs [19] .
Compared with conventional manometry including the use of sleeve devices, HRM allows an easier detection of TLESRs and provides a higher level of inter-observer agreement. Diagnostic criteria proposed for TLERs using HRM include nadir pressure, relaxation duration, and percentage of relaxation [20] . HRM also allows identification of other criteria frequently associated with TLESRs such as diaphragmatic inhibition, esophageal shortening [21] , and upper esophageal sphincter (UES) relaxation [22] . Therefore, experts believe that HRM should be considered as the gold standard for the detection of TLESRs. The combination with impedance measurement can detect reflux of liquid or air from the stomach and may further improve the validity of the investigation ( fig. 5B) .
Based on the detailed analysis of typical TLESRs and non-events by 17 international experts [23] , the expert panel suggested to define a TLESR as a LES relaxation lasting for more than 10 s in the absence of swallowing within 4 s before and 2 s after the onset of LES relaxation associated with CD inhibition (fig. 5 ). Reflux on impedance was considered to be an important supportive criterion, and esophageal shortening, common cavity phenomenon, UES relaxation without swallowing, and secondary peristalsis were also considered to add to the diagnosis.
The proportion of reflux-associated TLESRs has consistently been shown to be greater in GERD patients compared with controls [24] [25] [26] . In normal subjects and patients with mild to moderate reflux disease, the majority of reflux episodes occur during TLESRs with almost all of the remainder occurring during swallow-induced LES relaxation associated with failed or incomplete primary peristalsis [18] . In patients with more severe disease, other mechanisms become more important (e.g., very low sphincter pressures, straining) [18] . This has been ascribed to the increasing prevalence of hiatus hernias and gross disruption of the reflux barrier in this group of patients [4, 15] .
Esophageal Dysmotility
Impaired esophageal clearance prolongs the period during which aggressive gastric refluxate may damage the esophageal mucosa and, thus, plays a pathophysiological role in GERD [4] . In the absence of outflow obstruction, esophageal body peristalsis is the most important determinant of esophageal clearance ( fig. 6 ).
However, studies using conventional techniques to investigate the association between dysmotility and esophageal clearance or mucosal disease gave inconclusive results [27] . It has been proposed that this may be due to inadequate spatial resolution of pressure sensors in conventional manometry and/or failure of the stimulus used in current protocols (5-10 ml water swallows) to elicit clinically relevant esophageal dysfunction [27] . In accordance with the investigation of the EGJ, HRM has been shown to be superior to conventional manometric techniques for the assessment of esophageal peristalsis, in particular if combined with impedance measurements ( fig. 6 ) and if multiple water swallows and solid boluses are tested in addition to the conventional water swallowing protocol [6] .
The most extreme degree of hypomotility to be detected by HRM consists of absent contractility ( fig. 6B ), which can be associated with elevated esophageal acid exposure. Ineffective esophageal motility (IEM), defined s ≥50% sequences with DCI below 450 mm Hg/cm/s and fragmented peristalsis where at least 50% of swallows have DCI within the normal range but with ≥5 cm breaks in the peristaltic contour, can also be associated with abnormal bolus transit and reflux [6, 12] . The burden of reflux symptoms is correlated with the severity of peristaltic disturbances, with the highest burden in absent contractility [28] . Vice versa, it has been shown that esophageal hypomotility is common in GERD, particularly in patients with erosive disease or Barrett's esophagus [12, 29] .
In contrast, patients with non-erosive reflux disease or reflux symptoms but physiologic esophageal acid exposure (reflux hypersensitivity, functional heartburn) may have relatively high distal esophageal contraction vigor [30] . Thus, while there are associations between severity of reflux burden and esophagitis with motor dysfunction, the interrelationship between these factors remains incompletely understood and requires further research [12] .
Provocation Tests
The significance of HRM in the assessment of esophageal motor function in GERD can be improved by inclusion of provocation tests. They are performed by application of multiple rapid swallows (MRS), rapid drink challenge (RDC), or a test meal with solid boli. MRS refers to 5 2-ml water swallows administered less than 4 s apart. RDC involves 'normal', uninterrupted drinking of a defined volume of water (100-200 ml). Repetitive swallowing induces deglutitive inhibition by hyperpolarization of esophageal smooth muscles. It thereby inhibits contraction in the esophageal body, and relaxes the LES [12] . Under physiological circumstances, the last swallow is often followed by a vigorous peristaltic contraction and a post-swallow LES after-contraction [31] . Both maneuvers generally test the overall integrity of the esophageal neuromuscular control, because a normal response requires intact inhibitory and excitatory central and peripheral neural pathways along with sufficient muscle reserve to produce a vigorous peristaltic contraction with or after the final swallow. They are therefore used to test the peristaltic reserve in patients with esophageal hypomotility [12] . The presence of a contraction reserve indicates augmentation of esophageal body contraction (using DCI) when compared to averaged DCI from wet swallows (MRS:wet swallow DCI ratio > 1). This is of clinical relevance because patients with inadequate response to MRS in the preoperative work-up appear to be prone to late postoperative dysphagia if they undergo antireflux surgery [32, 33] . Since the postKeller Visc Med 2018;34:101-108 106 swallow contractile response is less reproducible with RDC, MRS is frequently favored for this purpose. On the other hand, RDC can serve to highlight EGJ outflow obstruction [34] .
Motor response to solid swallows can also be used to assess the peristaltic reserve: If peristaltic vigor is normal in response to solid swallows, clinically relevant esophageal hypomotility is unlikely, even if weak or fragmented peristalsis has been diagnosed using water swallows. Moreover, similar to RDC, a test meal may reveal EGJ outflow obstruction which is not necessarily obvious during (single) water swallows [35] . This can be of particular importance in patients with unclear dysphagia following antireflux surgery [36] .
Antireflux Surgery
The goal of antireflux surgery is to restore an anatomically and functionally competent gastroesophageal barrier. This includes correcting diaphragmatic crural defects, reestablishment of an intra-abdominal esophageal segment, and enhancement of the pressure and the length of the gastroesophageal high-pressure zone [4] .
Fundoplication is safe and effective in a high proportion of patients; in about 10-20% of patients, symptoms will recur over 2-5 years [4] . Moreover, a small proportion of patients may develop severe complications following antireflux surgery. Therefore, pa- tient selection for surgical treatment should be performed carefully, and manometric evaluation of esophageal motility is an integral part of the preoperative work-up.
It serves to [4] : (1) identify patients with achalasia or other motility disorders as a cause of GERD-like symptoms, (2) establish the adequacy of esophageal body contractile function which may influence the degree of fundoplication and/or the risk of new or persistent postoperative dysphagia, and (3) confirm the manometric location of the upper border of the LES for accurate placement of catheter-based pH assessment. Symptoms do not allow a reliable differentiation between GERD and esophageal transit disturbances. Indeed, even in many patients with newly diagnosed achalasia, reflux symptoms are reported as the predominant symptoms [5] . Vice versa, about 40% of patients with GERD may report dysphagia [37] . Therefore, HRM is mandatory before fundoplication to exclude alternative diagnoses. The concept of tailoring the fundoplication (partial vs. complete) based upon manometric findings of ineffective esophageal motility is debated [37] . However, information on esophageal contractility is helpful to prognosticate the outcome, if not to influence the selection of a partial fundoplication [4, 38, 39] .
Several studies additionally suggest that HRM is useful in the assessment of symptomatic patients following antireflux surgery [4, 14] : pre-and post-fundoplication EGJ dynamics and bolus transport have been assessed using concurrent HRM and fluoroscopy [40] . Postsurgically, EGJ lengths were significantly increased, the opening diameter decreased, and nadir EGJ relaxation pressures were significantly greater than prior to surgery. In addition, the intrabolus pressure was increased. Altered EGJ dynamics with increased resistance to flow are associated with prolonged transit times for liquid and solid bolus swallows, the degree of which is associated with postoperative dysphagia [40] . Accordingly, these parameters are useful in assessing persistent dysphagia post-fundoplication. The potential impact of RDC and solid swallows on the detection of postoperative outflow obstruction has been discussed above [35, 36] .
HRM can differentiate between the effects of partial and 360° fundoplication on EGJ pressure profiles [41] : less augmentation of the EGJ pressure profiles and greater frequency of TLESRs have been reported on HRM studies following partial fundoplication compared to complete fundoplication. Specific normal values developed in asymptomatic subjects with fundoplication show that HRM metrics for subjects after a Toupet fundoplication are similar to the normal values derived from healthy subjects used for the Chicago Classification [42] . By contrast, after Nissen fundoplication, a higher EGJ resting pressure and higher IRP are observed in asymptomatic subjects and this can be considered normal in the postoperative state. In addition, more vigorous contractions and less and smaller peristaltic breaks are normal after Nissen fundoplication [42] .
Conclusion
Reflux symptoms are not only reported by the vast majority of patients referred for manometric studies, they frequently represent the dominant symptom and the reason for referral. In a subset of these patients, symptoms such as heartburn and regurgitation may be due to other diseases including major esophageal motility disturbances as defined by the Chicago Classification [6] . However, in addition to this essential differentiation, HRM also provides insights into all relevant pathomechanisms of GERD: HRM can reveal important information on the morphology and function of the EGJ, the presence of a hiatus hernia, TLESRs, and dysmotility of the esophageal body. To obtain this information, a 3-step hierarchical system is proposed for algorithmic characterization of esophageal motor function when HRM is performed in the setting of GERD, or when esophageal motor testing is undertaken to address esophageal peristaltic function prior to antireflux surgery [12] . Because of its importance for GERD severity, examination of the EGJ barrier is the first step in the evaluation of esophageal motor function in GERD. An impaired barrier can include a hypotensive EGJ, a hiatus hernia (type 2 or type 3 EGJ morphology), or both. If EGJ morphology and resting pressure are normal, TLESRs are implicated as the most likely mechanism underlying increased esophageal reflux burden. The next step is to assess esophageal body motor function, which affects esophageal clearance of refluxate. In most GERD patients, the esophageal body motor pattern is normal. Clearance function is most severely impaired in aperistalsis, followed by ineffective esophageal motility and fragmented peristalsis. If abnormal esophageal motor function is combined with abnormal EGJ barrier, esophageal reflux burden may be further enhanced [12] . The last step is to determine the contraction reserve in patients with abnormal esophageal motor function, preferentially using MRS. RDC and solid swallows can unmask EGJ outflow obstruction and are particularly useful in patients with persisting dysphagia following fundoplication. Thus, the observations made with HRM can not only explain the cause of symptoms in GERD patients, they may also have the potential to direct specific treatment.
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